Background While surgery offers the best curative-intent treatment, many patients with biliary tract malignancies have poor long-term outcomes. We sought to apply a non-mixture cure model to calculate the cure fraction and the time to cure after surgery of patients with peri-hilar cholangiocarcinoma (PHCC) or gallbladder cancer (GBC). Methods Using the Extrahepatic Biliary Malignancy Consortium, 576 patients who underwent curative-intent surgery for gallbladder carcinoma or peri-hilar cholangiocarcinoma between 1998 and 2014 at 10 major hepatobiliary institutions were identified and included in the analysis. A non-mixture cure model was adopted to compare mortality after surgery to the mortality expected for the general population matched by sex and age. Results The median and 5-year overall survival (OS) were 1.9 years (IQR, 0.9-4.9) and 23.9 % (95 % CI, 19.6-28.6). Among all patients with PHCC or GBC, the probability of being cured after surgery was 14.5 % (95 % CI, 8.7-23.2); the time to cure was 9.7 years and the median survival of uncured patients was 1.8 years. Determinants of cure probabilities included lymph node metastasis and CA 19.9 level (p B 0.05). The cure fraction for patients with a CA 19.9 \ 50 U/ml and no lymph nodes metastases were 39.0 % versus only 5.1 % among patients with a CA 19.9 C 50 who also had lymph node metastasis. Conclusions Examining an ''all comer'' cohort, \15 % of patients with PHCC or GBC could be considered cured after surgery. Factors such CA 19.9 level and lymph node metastasis independently predicted long-term outcome. Estimating the odds of statistical cure following surgery for biliary tract cancer can assist in decision-making as well as inform discussions around survivorship.
Introduction
Biliary tract malignancies are uncommon gastrointestinal diseases that include cholangiocarcinoma and gallbladder carcinoma. Cholangiocarcinoma originates from the Gaya Spolverato and Fabio Bagante contributed equally to this manuscript.
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& Timothy M. Pawlik tim.pawlik@osumc.edu neoplastic degeneration of cholangiocytes and can be classified according to its anatomical location as intrahepatic, perihilar (PHCC) and distal [1] . Gallbladder carcinoma (GBC) is the most common biliary tract cancer with only 10 % of all patients presenting at a stage amenable to surgical resection, as most patients present with advanced disease [2] . The biology of GBC is still largely unknown, but it appears that the cancerous transformation of PHCC and GBC epithelial cells depends on similar oncogenic mutations [3, 4] . As such, several trials have combined PHCC and GBC when assessing response to therapeutic interventions [5] [6] [7] [8] [9] . An example of a previous study including both PHCC and GBC is proposed by Valle et al. [5] who reported a randomized clinical trial that included patients who had both cholangiocarcinoma and GBC [5] . This study noted a comparable overall survival (OS) and progression-free survival relative to receipt of cisplatin plus gemcitabine versus gemcitabine alone. While surgery offers the best curative-intent treatment for patients with biliary tract cancers, many patients with biliary tract malignancies relapse after surgery and have poor longterm outcomes [10] . Specifically, following resection, the 5-year OS for patients with PHCC ranges from 20 to 42 %, while the 5-year OS for patients with GBC ranges from 10 to 85 % depending on disease stage [11] [12] [13] . In addition, administration of adjuvant chemotherapy generally has a modest effect [1] . As such, while some reports have investigated long-term survival among patients undergoing resection of PHCC or GBC [14] [15] [16] [17] , whether surgery can provide a ''cure'' for these patients have not been investigated [18] . Statistically, a patient can be considered ''cured'' when his/her mortality risk returns to the same level expected in the general population [19] . Cure models have been introduced in the statistical literature and more recently have been applied in the clinical literature. One recent study investigated the probability to be cured and the time to cure among patients following surgery for a wide variety of tumors, including mouth and pharynx, esophagus, lung and trachea, ovary, bladder, non-Hodgkin lymphoma and leukemia [20] . In a separate study, investigators evaluated the cure fraction of patients with liver and pancreatic cancers [21] . Our own group has also previously assessed the probability of being statistically cured from intrahepatic cholangiocarcinoma among a large cohort of patients undergoing curative-intent surgery [22] . However, the chance of statistical cure among patients with extrahepatic biliary tract cancers remains undefined.
The objective of the current study was to estimate the probability that patients with extrahepatic biliary tract cancers can achieve ''cure'' following curative-intent surgery. In particular, we sought to apply a non-mixture cure model to calculate the cure fraction and the time to cure after surgery of patients with PHCC or GBC using a large, multi-institutional national cohort.
Methods

Patient demographic and clinical data
The extrahepatic biliary malignancy consortium database included patients who underwent curative-intent surgery for an extrahepatic biliary malignancy from March 1998 to December 2014 at 10 major hepatobiliary institutions (Supplementary Materials). Only patients with a histologically confirmed diagnosis of PHCC or GBC were included in the analytic study cohort. Patients who underwent palliative surgery (i.e., cholecystectomy only, biliary drainage with hepatico-jejunostomy, etc.), aborted laparotomy (i.e., biopsy only, exploratory laparotomy with no bypass, etc.), as well as those patients who underwent an incomplete resection (i.e., R2-macroscopic residual tumor) were excluded. The Institutional Review Board of the participating institutions approved the study.
Standard demographic and clinicopathologic data were collected including age, sex, body mass index (BMI), American Society of Anesthesiologists (ASA) score, comorbidities, tumor-related signs and symptoms, type of surgery and tumor-specific characteristics. In particular, data were collected on presence of jaundice or ascites, Carbohydrate Antigen 19.9 (CA 19.9) levels, and preoperative biliary drainage. CA 19.9 level was evaluated before surgery in non-jaundice patients and after biliary drainage in jaundice patients. Tumor-specific characteristics included median tumor size, location, Bismuth type for PHCC, and presence of vascular or perineural invasion. Data on tumor stage were also collected according to 7th edition AJCC staging system for PHCC and GBC [23] . Data on treatment-related variables, such as type of surgery and receipt of lymphadenectomy were also collected. Resection margin and nodal status were ascertained based on final pathologic assessment. Data on type of surgery and on vascular resection were collected.
Data on intraoperative estimated blood loss (EBL), length of hospital stay (LOS), reoperation, 30-day perioperative complications and mortality were obtained [24] .
Complications were categorized based on the ClavienDindo classification system, with grade I or II being minor complications and grade III or IV being major complications [25] . Date of last follow-up and vital status was collected for all patients. All missing values (except outcome variables including patient's status, date of last follow-up, and date of death) were imputed using the mice R CRAN package. No variable/value was missing [10 %. The survival end-point for this analysis was the overall survival defined as the time interval between the date of surgery and the date of. Time was censored at the date of the last follow-up assessment for patients who were found to be alive.
Cure fraction model
Cure models were computed using the strsmix package [19] and are of the form
where p is the proportion cured and S u (t) is the survival function for the uncured individuals. [19] Or as described by Othus et al. [26] the cure models can be defined:
Using this approach, a group of patients may be considered ''cured'' of a specific disease when their observed hazard rate (excess and expected hazards combined) is equal to that of the general population and, consequently, these patients are just as likely to die as a member of the general population. Application of a cure model relies on the concept that statistical plausibility of cure can be fulfilled. Among patients who underwent resection for PHCC or GBC, a subset did experience a plateauing of their survival after a period of time ( Fig. 1) . For this reason, [26] we applied the non-mixture cure fraction model to identify the fraction of patients who can considered to be cured after liver resection for PHCC and GBC. [19, 20, 27] As previously described, the nonmixture cure model is a parametric cure model that estimates an asymptote for the survival function at the cure proportion. [22] Moreover, time to cure was assessed. Time to cure can be interpreted as the minimum time that a patient survives before a physician can determine the patient for possible presence of a cure. Cure models define cure as occurring when time tends to infinite; in the current study, time to cure was calculated assuming a 99 % level of confidence (alpha = 0.01). To implement the cure model, expected survival and the expected hazard of death among the general population were estimated using the data of population survival from United States life tables, matched by age, race and sex [28] .
Results
A total of 576 patients who underwent hepatic resection for PHCC (n = 257, 44.5 %) or GBC (n = 320, 55.5 %) met the inclusion criteria and were included in the study cohort (Table 1) .
Detailed demographic and clinicopathologic characteristics of the cohort were described in the Supplementary Materials.
Cure Fraction model
The median and 5-year overall survival (OS) were 1.9 years (IQR, 0.9-4.9) and 23.9 %, respectively (95 % Confidence Interval, 19.6-28.6; Fig. 1 ). The probability of being cured from PHCC or GBC by surgery was 14.5 % (95 % CI, 8.7-23.2); the time to cure was 9.7 years, and the median survival of uncured patients was 1.8 years (Table 2 ; Figs. 2 and 3 ). Cure fractions, time to cure, and median survival of uncured patients were stratified by clinical and tumor features ( Table 2) . Determinants of cure probabilities included preoperative CA 19.9 level, lymph node metastasis, and lymphovascular invasion (all p B 0.05). After entering these variables into a multivariable cure model (Table 3) , only CA 19.9 [ 50 U/ml and lymph node metastasis remained as independent variables associated with cure. The cure fraction for patients with a CA 19.9 \ 50 U/ml and no lymph nodes metastases were 39.0 %. This value represented the highest achievable cure probability after resection for patients with PHCC or GBC. Among the 173 (30.1 %) patients with CA 19.9 \ 50 U/ml and no lymph nodes metastases in the study cohort, time to cure was 4.1 years. Compared with patients who had CA 19.9 \ 50 U/ml and no lymph node metastasis, patients with CA 19.9 [ 50 U/ml had a probability of being cured of 15.9 %, whereas patients with lymph nodes metastasis had a probability of being cured of 24.3 %. In the presence of both unfavorable prognostic factors (22.7 % of enrolled patients, n = 131), the cure fraction was 5.1 % and the time to cure was 6.8 years.
The excess hazard of death after surgery for an extrahepatic biliary tract cancer was plotted in Fig. 3 . The excess hazard started with a 25 % increased risk of death early after resection with respect to the general population. In the first postoperative year, the excess hazard increased to approximately 30 % in the entire group and was up to 90 % in uncured patients. At the end of the first year after surgery, the hazard of uncured patients decreased until 5 years after hepatic resection to about 68 % and then progressively increased over time, whereas the entire group showed a progressive reduction until it approached zero. The excess hazard of death in the entire group of patients with biliary tract cancers decreased until a 99 % level of confidence in the general population at 9.5 years after hepatic resection, indicating that after this time point, a patient alive without tumor recurrence could be considered cured with 99 % certainty.
Discussion
PHCC and GBC are commonly classified together as biliary tract cancers [29] [30] [31] . Several previous retrospective studies, as well as prospective randomized clinical trials, have investigated combined cohorts of PHCC and GBC [5] [6] [7] [8] [9] . While previous studies have described factors associated with prognosis among patients undergoing surgery for biliary tract cancers, none have explicitly examined the topic of cure. Increasingly, in addition to desiring information about risk of recurrence and prognosis, patients and physicians are interested in data regarding the chance of possible cure following surgical resection [22, 31, 32] . When considering treatment options, one of the most important discussions between cancer patients and healthcare providers involves the goal of any proposed therapy [33] . Goals of care may involve whether the objective of the proposed therapy is to alleviate symptoms, prolong life, or provide a reasonable chance at cure [32] . However, most analyses on long-term survival are problematic. Not only do most reports on prognosis only consider factors assessed at the time of surgery, but also most survival analyses have been performed using only Kaplan-Meier or Cox survival methods. These statistical approaches to assess survival are limited as they assume a proportional hazard of death over time and none explicitly model the chance of cure. The assumption of proportional hazards can fail when survival curves plateaus and survival plots can have significant heterogeneity within a patient population that are note fully explained or considered in standard Kaplan-Meier analyses [26] . In contrast, cure models allow for the investigation of the varied ways in which covariates may be associated with long-term outcomes. Additionally, cure models can explicitly model survival as a mixture of two types of patients: Those who are cured and those who are not cured [34, 35] . The current study is important because, for the first time, statistical cure modeling was applied to patients with extrahepatic biliary tract tumors such as PHCC and GBC. Of note, for ''all comers,'' the probability of being cured from PHCC or GBC was only 14.5 %. Furthermore, the time to cure was 9.7 years, indicating that long-term surveillance of patients with PHCC and GBC is needed to ensure that cure has been achieved. As the cure model allows for the analysis of tumor and patient variables associated with cure, cure fraction, time to cure and survival of uncured patients were estimated for different clinical scenarios. Among the entire cohort, determinants of cure probabilities included elevated preoperative CA 19.9 level [50 U/ml and the presence of lymph node metastasis. Previous studies have similarly noted that elevated CA 19.9 levels, and lymph node metastases were independent predictors of outcome and were associated with worse long-term survival for patients with PHCC and GBC [15, 36, 37] . However, unlike previous studies, we assessed the effects of these risk factors on cure probability in various clinical scenarios. For example, while patients with a preoperative CA 19.9 \ 50 U/ml and no lymph nodes metastases had a cure fraction of 39 % and a time to cure of 4.1 years, patients who had a CA 19.9 [ 50 U/ml and lymph nodes metastases had only a cure fraction of 5.1 % and a time to cure of 6.8 years. These data serve to emphasize the marked differences in both chances of cure and the time to assuming a 99 % level of cure confidence. In general, results reported herein for patients with extrahepatic biliary tract cancers were slightly better than the 10 % overall chance of cure for patients undergoing surgery for intrahepatic cholangiocarcinoma (ICC) [22] . Moreover, when patients with ICC were compared to patients with PHCC or GBC, the cure probability was 25.8 versus 30.1 %, respectively, among patients with favorable prognostic factors. Furthermore, the overall cure proportion following resection of PHCC or GBC was 14.5 %, which was comparable to the reported long-term survival of patients with colorectal peritoneal carcinomatosis (16 %) [38] , R1 resection of colorectal liver metastasis (18 %) [39] , yet higher than the probability of being cured after surgery for other malignancies, such as breast cancer (48 %) [40] .
Unlike most survival analyses that assume a constant hazard of death over time, survival cure modeling can account for changes in excess hazard of death as patient Fig. 2 Cure model results. Relative survival of entire group of patients and uncured patients. In the entire group, from sixth year after surgery onward, survival curve plateaued at about 14.5 %, which represents the cure fraction Fig. 3 Excess hazard rate of death of the entire study group and of uncured patients time is accrued. Data in Fig. 3 demonstrate how the hazard of death following surgery for PHCC and GBC varied over time. Specifically, in the first year following surgery, the excess hazard of death among the entire cohort increased to approximately 30 % and then progressively decreased. Of note, among the uncured patient mix, the hazard of death was roughly 90 % at 1 year, decreased to 68 % at 5 years, but then subsequently increased thereafter over time. These data suggest that among patients with PHCC and GBC who are not cured that the risk of death is bi-modal with the high risk of death in the first year and then later likely due to tumor recurrence. In contrast, the model suggested that a patient who was alive and disease-free at 9.5 years could be considered cured with 99 % certainty. These data on cure probability and odds of cure over time may assist the physicians in decision-making around the need for longterm surveillance, as well as help patients understand their chance to be cured after surgery. Several limitations should be considered when interpreting the results. Given the retrospective design of the study, there may have been selection bias in how patients were chosen for surgical resection based upon tumor characteristics. In addition, patients with PHCC and GBC were combined for purposes of analyses to increase cohort size and statistical power. While other retrospective and prospective studies have similarly combined PHCC and GBC patients, the cure probability for these cohorts of patients may differ [5] [6] [7] [8] [9] . For this reason, future studies are needed to assess the independent specific cure probabilities of PHCC and GBC patients separately. In addition, while the statistical cure model included patients with all stages of disease, only a small subset of patients (n = 52) had stage I disease. As such, data from the current study are most applicable to patients with more advanced biliary tract cancers, which indeed constitute the majority of patients. Finally, overall survival rather than disease-free survival was utilized in the cure model. For diseases such as recurrent PHCC and recurrent GBC, the case-fatality rate is, however, extremely high (no effective salvage therapy). In instances where prevalence of recurrence virtually equates to the prevalence of death from disease, the use of overall survival is generally acceptable when assessing long-term survival outcomes.
In conclusion, less than the 15 % of patients with PHCC and GBC can be considered cured after surgery. Factors such CA 19.9 level and lymph node metastasis independently predicted long-term outcome. In fact, the chance of statistical cure among patients with both versus neither adverse factor was 5.1 versus 30.1 %, respectively. In turn, the current study provides data for patients and physicians on the odds of statistical cure following surgery for biliary tract cancer and therefore can assist in decision-making as well as inform discussions around survivorship.
